The reduction of individual iron ore pellets immersed in coal char was measured at 900° N 1200°C for times up to 3 h. The results were compared with published data for other iron oxide/carbon systems to evaluate the kinetics of reduction in static beds, rotary and shaft kilns, and in composite pellets. Reaction rates and activation energies measured in these studies were similar to published values obtained with intimate mixtures of iron oxides and comparable types of carbon at temperatures up to 1000°C, where carbon gasification was rate controlling. However, reduction rates for pellets surrounded by char fell significantly at higher temperatures due to the influence of gas diffusion. Reduction rates , for pellets were similar, for both static bed and rotary kiln conditions at 1000° 1150°C, and were decreased by internal slag forma&ion above 1075°C. Reduction was further inhibited above 1 150°C by the formation of dense shells of metallic iron around partly-reduced, slag-rich regions, especially towards the centres of the pellets.
I. Introduction
The direct reduction of iron ores and pellets with coal-based solid reductants in rotary kilns has been applied commercially in some seven countries using technology developed by at least three industrial groups.1-3~ Although this type of process was initially developed to treat lump ores, the severe mechanical stresses imposed on the ore by the rotary tumbling action of the kiln resulted in production of fines (by attrition and degradation) which led to sticking and ringing problems. The situation can be improved by the use of indurated pellets, which are more resistant to degradation, and pellets are now a preferred feed.
Solid carbonaceous reductants are also used in the Kinglor-Metor process,4,5~ which employs externallyheated vertical shafts as reaction chambers. Reduction of the ore occurs as in the rotary kiln processes, but there is little relative movement and impact between the reacting lumps of ore and reductant. This process has also been developed to a commercial scale.
In recent years a number of publications concerned with the kinetics of the reduction of iron oxides with carbon have appeared.s-19) The majority of these have considered static bed laboratory systems consisting of either mixtures of finely-divided iron oxides and carbon or green pellets containing carbon reductants. However, the reduction system employed in industrial processes differs from the system used in these studies in that fired pellets or lump ores are reduced with separate carbonaceous materials. Moreover, commercial pellets generally contain 2 N 10% gangue materials consisting mainly of Si02, A1203
and fluxing agents such as CaO and/or MgO. Under reducing conditions these compounds can combine with iron oxides to form relatively low melting point slaps which could impede the reduction process. In addition, the use of external carbonaceous reductants means that the reducing gases are not generated in close proximity to the unreacted iron oxides within the pellets. Thus gas diffusion effects could also retard the overall reduction rates.
As there is only limited information on the kinetics of fired pellet/carbon reduction,9'20~ the present paper presents the results of an investigation into the reduction of commercial-grade iron ore pellets by carbonized coal in a static bed. The aims of the work were to (1) compare and contrast the reduction behaviour of pellets containing appreciable quantities of gangue materials with the results of other workers on the reduction of pure iron oxides with carbon, (2) compare static bed reduction results with those obtained previously in a rotary kiln,20~ and (3) gain a better understanding of the rate-limiting steps operative in solid reductant processes of both the rotaryand shaft-kiln types.
II. Materials
Full details of the materials used and preparation of the pellets have been presented elsewhere.20~ The iron ore pellets of about 12-mm dia. were of typical blast furnace grade containing 64.7 %Fe, 3.9 %Si02, 2.3 %A1203, 0.36% CaO and 0.0 7 % MgO. The pellets had an average compression strength of 320 kg and a porosity of 17.7 %. The carbonized coal (crushed and sized to '-'8+ 1 mm) contained 82.3% fixed carbon and 9.8% total ash.
III. Experimental Procedure
In order to facilitate the analysis of the results, all the reduction tests were done isothermally using a large excess of char (C/Fe203=5). At the beginning of each experiment a single pellet, and two alumina crucibles each containing 20 g of char, were placed in a preheated silicon carbide resistance furnace. When the pellet and char had reached the furnace temperature, measured by mineral insulated thermocouples in the char beds, the pellet was placed in one of the crucibles and the hot char from the second crucible was quickly poured over the pellet. The pellet was thus surrounded by hot char on all sides. After a selected reaction period, the hot crucible con- 
Iv. Results
The effect of temperature on the extent of reduction of the single pellets with time is shown in Fig.  1(a) for the four lower temperatures, and in Fig. 1(b) for the two higher ones (with the lower temperature lines (---) shown again for comparison).
Up to about 1 075°C, the extent of reduction at any given time increased with increasing temperature. However, at higher temperatures and at extents of reduction above 60-70%, reduction was slower than at 1 075°C, indicating a change in the rate-controlling process at high temperatures.
In Fig. 2 , the reduction curves for the static bed tests at 1000°, 1 075° and 1 150°C are compared with the corresponding reduction curves for pellets reduced with the same coal char in a batch rotary kiln.20~ There are only small differences between the static bed and rotary kiln results and they show much the same trend.
The static bed reduction results, presented as plots of the natural logarithm of the fraction (f) of oxygen remaining in the pellets against the reaction time, are shown in Figs. 3 Research Article iron was formed almost from the beginning of the reaction and only one stage was observed.
At temperatures in excess of 1 075°C, the results deviated from the initial linear sections of the plots, the deviation occurring at lower extents of reduction as the temperature increased (see Figs. 4 and 5) .
In general, these lines do not pass through the origin, and this can be attributed to additional reaction steps at short times, which have not been investigated at this stage. For instance the time taken to build up the carbon monoxide concentration could cause an induction period (see 950°C curve) or conversely carbon gasification could initially be very rapid as suggested by Rao,12) thus causing a positive intercept on the ordinate.
V. Discussion
The reduction of iron oxides by carbon in all but high vacuum systems occurs through the intermediates CO and CO2. The first step in the sequence is the formation of CO by the reaction of carbon with the free atmospheric oxygen which is entrapped in the system during the pellet and carbon transfer operations,
Carbon monoxide can also be generated at point contacts between the iron oxides (Fe203, Fe304, FeO) and carbon, i.e., (4) and the cycle is repeated.
Fruehan19) has observed that the rate of carbon gasification by CO2 is less than the rate of reduction of iron oxide by CO below about 1 100°C.21,22) Therefore the carbon gasification or Boudouard reaction (reaction 4) would be expected to control the overall reaction rate.
The gasification of carbon has been found to obey first-order kinetics and can be approximated by19, 22) In (5) where f is the fraction of the reaction completed, k is a rate constant for a specific gas composition and temperature, and t is the reaction time.
Bearing in mind that the carbon gasification reaction is assumed to be rate controlling, the values of the rate constant, k, were calculated from the slopes of The values of the published rate constants, k, at any given temperature depend strongly on the type of carbon used as the reductant (see Fig. 6 ). The highest rate constants were obtained using high-activity coconut charcoal and the lowest using relatively low-activity coke. The present results, obtained at temperatures below 1 000°C using carbonized coal, were intermediate between the two extremes.
Above 1000°C, the present results deviated from the straight line plot for apparent activation energy. This effect was also noted by Fruehan,19~ as shown in Fig.  6 in the case of coconut charcoal and coal char. Fruehan postulated that the deviation might be due to a change in the reaction control from purely carbon gasification to mixed control in which the rate of reduction of FeO by CO approaches the rate of carbon gasification at high temperatures. It would therefore be expected that, at high temperatures, the greater the reactivity of the carbon used the more likely it would be that the reaction would be controlled by the reduction of FeO to Fe. Fruehan's conclusion is supported by the results shown in Fig. 6 in which the rate constants began to level off at lower temperatures for coconut charcoal than for coal char. No deviation was observed for the low activity coke at temperatures up to 1 200°C. Similarly, the higher activity amorphous carbon used in Rao's12~ work did not show a rate depression; however, the highest temperature examined was only 1 087°C.
The deviation observed in the present work with carbonized coal commenced at a lower temperature and was more severe than that observed by Fruehan. Although a change in the rate controlling mechanism from carbon gasification to mixed control probably contributed to the depression, the most likely factor was the difference in the reaction configuration used in the present work. Whereas in most of the previous work, the reductants and reactants were finely divided and intimately mixed, in the present work the -reductant was placed externally to 12 -mm dia . porous pellets. Thus in the previous work, the reacting gases were generated in close proximity to the reacting iron oxides and gas diffusion should not have had a great influence on the reduction rates. However, in the present work, the diffusion paths for the gaseous reductant (CO) and product (CO2) were relatively long. With increasing temperature, the rate of reduction of FeO by CO increases and if CO cannot be supplied to the reacting interfaces within the pellets at a sufficient rate, gas diffusion becomes rate controlling and the increase in the overall reaction rate with temperature decreases.
Apart from the temperature effect on the rate constants measured from the slopes of the linear portions of the In (1-f) vs. t curves in Figs. 3 to 5, there was also a strong deviation from linearity at higher degrees of reduction for the pellets reduced at temperatures in excess of 1 075°C (Figs. 4 and 5) . In order to establish the reasons for the deviation, a microscopic study of the pellets reduced in the static bed was undertaken.
In the pellets partially reduced at 900° N 1075°C, metallic iron was found to be distributed continuously throughout the pellet cross-section. A typical area with white metallic iron forming on light grey wustite grains is shown in Photo. 1. The absence of a welldefined unreauted core in the pellets reduced at low temperatures indicated that gas diffusion was not rate controlling.
Photograph 2 shows the microstructure of the central area of a pellet reduced at 1 075°C for 60 min (approx. 85% reduced). The light grey areas are wustite grains, while the darker grey phase is a glassy slag, formed by the reaction of the wustite with the small amounts of primary slag present in the original unreduced pellets. The primary slag was originally formed during the previous induration (or firing) process by chemical combination of the gangue minerals (mainly 5102 and A1203) in the ore with the flux (Ca0) incorporated in the balling stage. The glassy slag formed only towards the centres of the pellets reduced for relatively long times. Apparently a considerable time (e.g., 60 min at 1 075°C) was required for the combination of wustite (Fe0) and the other slag-forming components in the pellets. In regions close to the pellet surfaces, where a higher reduction potential prevailed, wustite was reduced to metallic iron before appreciable slagging occurred. No slags were detected in pellets reduced at temperatures less than 1075°C. At higher temperatures, slaps formed in the pellet cores at shorter times. Photograph 3 shows the central region of a pellet reduced at 1 150°C for 40 min. The rounded, light grey grains consist of wustite which has partially dissolved in the glassy slag. With increasing times (and temperatures) the slag areas become more extensive and change from a homogeneous glass to a two-phase lath-like structure. A typical example is shown in Photo. 4 (pellet reduced at 1 150°C for 150 min). With continued dissolution of wustite, the slag changed from a lath-like to a predominantly dendritic form on cooling. The range of slag structures encountered in this study is illustrated by cross-section of a pellet reduced at 1 150°C for 150 min. Cracking did not occur in pellets reduced at temperatures below 1 150°C. The consolidation of the pellet structures further impeded the access of reducing gas to the pellet interiors and gas diffusion became even more restricted at high temperatures. At relatively long reaction times and high temperatures, the slags became almost completely enclosed by shells of non-porous metallic iron (Photo. 7). At this stage, reduction could only continue by solid state diffusion of the reaction species through the iron barriers and the reduction rates further declined.
The results of the static bed tests were very similar to those previously reported for the reduction of the same pellets with a solid reductant in a laboratory rotary kiln20~ (Fig. 2) . The only major difference in the processing conditions was that in the former work the rotary tumbling action of the kiln tended to cause some surface densification and pore closure of the reduced pellets,23~ but this apparently had only a minor retarding effect on the reduction rates, the major rate limiting process being the internal slag formation and consolidation of the pellet cores.
Overall the work has shown that the reduction kinetics in the range 900°'-. 1 000°C for the fired pellets reduced by an external solid reductant appear to be similar to those for finely divided pure iron oxides reduced with an intimate mixture of carbon, i.e. the reaction rates are controlled primarily by the rate of gasification of the solid reductant.
However, at temperatures in excess of 1 000°C, the rate of diffusion of CO and CO2 from the external reductant into and out of the pellet interiors becomes significant, with the result that the reaction rates are depressed compared with those of the finely divided systems in which the reductant and the reactant are in close proximity. At temperatures in excess of 1075°C, slag formation in the pellet interiors results in a further lowering of the reduction rates-an effect which does not occur in pure iron oxide/carbon reaction systems.
These observations suggest that it may be possible to extend the upper temperature limit of kilns treating commercial pellets by decreasing the quantities of slag-forming constituents in the pellets by using higher-grade ores and minimum amounts of bonding agents. It may also be possible to increase the melting point of the slags by control of the slag composition. For example, some recent work24~ has shown that the use of dolomite or magnesium oxide as a pellet bonding agent significantly increases the softening and melting points of pellets under reducing conditions.
Work is continuing on a more detailed study of the various rate controlling steps. The use of highly reactive coals and chars will be investigated in an attempt to operate the process efficiently at lower temperatures to avoid the high temperature rate limitations. In addition, a study will be made of the effect of gangue content and bonding agent type on the pellet reduction rates at high temperatures.
VI. Conclusions
(1) The reduction rates of pellets reduced by carbonized coal in a static bed were found to be similar to the reduction rate of the pellets reduced in a small batch rotary kiln.
(2) From 900°'-.'l 000°C, the reduction rates of pellets reduced in a static bed are controlled by the rate of gasification of the carbonized coal reductant used.
(3) At temperatures in excess of 1 000°C, the diffusion of CO and CO2 into and out of the pellets begins to influence the reduction rates. At this stage both carbon gasification and gas diffusion in series control the overall reduction rate.
(4) At temperatures in excess of 1075°C, extensive internal slagging occurs, accompanied by pellet consolidation. This further impedes the access of reducing gas into the unreduced pellet cores and further lowers the reduction rate.
(5) At an advanced stage of the reduction process, and at temperatures in excess of 1 150°C, the slag regions in the interior of the pellets become enclosed by non-porous shells of metallic iron. Reduction can only continue by solid-state diffusion of the 
